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ELECTRICAL   RESISTA1TCE   0?   COPPEH 


In  18?  2  Professor  Fer      Sanford  of  Lei  and 
University,  published  a  paper  entitled  "Some  Observatic 
upon  the  conductivity  of  a  Copper  Wi re  i  Various  Lielec- 
tcs"  describing  so.T.e  experiments  that  were  ur.de rtaken 
with  the  object  of  finding  if  the  dielectric  surronndi 
a  wire  had  any  influence  on  its  electric  conductivity.   Ke 
made  measurements  of  a  copper  wire  with  about  fifteen,  dif- 
ferent dielectrics  --  liquids  and  vapors  --  and  conclud 

t  in  general  the  conductivity  was  affect  id,  i 
cases  increased  and  in  others  decreased,  in  one  instance 
as  •     as  C  .  25  per  cent. 

In  a  later  paper  or. "A  Hecessary  Modification  of  0   ' 
"  •  he  referred  to  a  similar  observation  made  upon  t 
conductivity  of  a  silver  wire,  but  the  effect,  though  meas- 
urable, was  somewhat  less  than  in  the  case  of  the  copper 
re  • 


1.  Lei ai       ■  ■  Jr.  University  Public; 

Electricity  No  .  1. 
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Respecting  the  apparatus 

•  tus  used  co      ;  of  a  cyli 
120  cm.  lo"'  i   Inter     iameter.    The  er 

of  the  t\  >-e  closed  air  tight  by  copper  plates,  which 

provided  with  stop-cocks  for  filling  and  emptying  the 
tube.    To  the  inside  of  one  end  plate  is  fastened  a 
copper  wire  1  mm  in  diameter,  which  passes  len.     ise 
through  the  centre  of  the  tube  and  out  through  an  insulated 
opening  in  the  other  end  plate,  where  it  is  soldered  to  a 
piece  of  lamp  cor  cade  of  .  *es,  by  which  it 

is  connected  with  the  YTheatsto: :e*  s  Bridge.   Another  simi- 
lar piece  of  l;unp  cord  is  soldered  to  the  end  of  the  tube 
through  which  the  wire  passes,  and  is  likewise  connected 
with  the  bridge.   Midway  between  the  ends  of  the  tube  is 
another  tube  5  cm.  long  and  1  cm.  in  diameter  entering  it 
fro::,  the  side.     This  tube  serves  to  admit  the  thermome- 
ter by  which  the  temperature  of  the  interior  of  the  lar 
tube  is  measured." 

"The  current  used  for  making  the  measurements  passes 
through  the  tube  and  returns  through  the  "ire. 
this  arr     mt  the  entire  field  of  force  of  the  curre 
to  'e  measured  is  confined  vithin  the  tube,  and  the  whole 
of  t'-.e  dielectric  concerned  in  its  tr    lission  can  be 
:ged  at  will .  " 


ere  made  with  a  -  1  n 

qd  resistance  box  i        s ,  with  of 

1  :  1000.    The  smallest  resistance  used 

with  the  above  combination,  represented  a  resistance  in  the 
wire  and  tube  of  .0001  o:     The  galvar..     r  used 
•siolc        lvanometer  of  Du  Lois  Raymo 

eneva  Society  Construction  Company.    It  was  prov 
with  a  cone     irror  and  a  ground  glass  scale,  and 

t  od  of  o I  serving  the  deflection  of  a  spot  of  light  was 
used.    This  deflection  was  plainly  noticeable  f o r  a  change 
of  resistance  corresponding  to  .0001  ohm  in  the  wire  and 

9,  and  by  reversing  the  current  several  times,  it  was  pos- 
sible to  obtain  a  deflection  for  a  change  corresponding  to 
one-fifth  of  the  above.   The  measurements  were  accordingly 
e  itimated  with  a  fair  degree  of  accuracy  to  .00001  ohm.   As 
the  combined  resistance  of  the  wire  and  tube  was  about 

.  the  avi  et  of  measurements  was  cert 

not  .03  of  one  per  cent  wrong". 

"The  strength  of  current  through  the  wire  and  tube  w 
always  between  the  extremes  of  five  and  eight  rail  -   . teres. 
The  measurements  were  all  made  at  the  temperature  of  the  roo: 

as  this  changed  very  slowly,  only  a  few  measurements 
could  be  made  in  a  day." 


.    the    r 
10c  hours   but  measurements  wer  LI   hours 

th«  .  n   aver.  as  many  wer. 

omperature  .        The   the 
ard.       r    luated   to    tenths.        A  temperature   change   of  0.1°  C. 
made   a   resistance   change   of    .000012  ohm,   which  gives   a   temp- 
erature coefficient  of    .005 

The   following   table   shows   so.:.e  of   the    results  he   o:  - 
tained  for  a  copper  wire  1  mm.    in  diameter,    the   conductiv: 
in  air  being   regarded   as  unity- 


Dielectric 


Conduct- 
ivity. 


Ptesi stance     Equivalt.  Per  c 

Change        Temp. change      change 


Petrol.  1.0018  -0.00006   ohm 

3arbon  bi-sulphide  *,1.  00003 

oil   of   turpentine 


s  *±.  -  appa- 
. rbon  bi-sulphidey   rent 


-0.43^ 
-0.25 


-0.18 
-    .09 


uncertain 

Y7ood   Alcohol 

.oo: 

+0 

.000007 

n 

+0 

.05 

+ 

.02 

Benzene 

.9904 

+0 

.00002 

it 

+0 

.14 

+ 

.06 

V.'ood   Alcohol  and 

.zene 

.9985 

.00005 

it 

+0 

.36 

.15 

Absolute   Alcohol 

.9981 

+ 

.000004 

ii 

+0 

43 

.19 

V/ood   Alcohol   and 

Pet,  roleum 

.9978 

-r 

.000075 

n 

+0 

.53 

+ 

.22 

.    .  . 

gas 

.9982 

.000058 

n 

)-0 

4 

+ 

.17 

Chloroform  vapor 

.99830 

+ 

.00005 

it 

+0 

.36 

j. 

.if 

Sulphuric 

Ether  Vapor 

.9975."' 

+ 

.000083 

ii 

+0 

6 

+ 

.25 

Alcohol  Vapor 

.  00r 

+ 

.000017 

ii 

.05 

x      ?or 

1 

. 

refied   air 

1 

^~ 

ver"  undev  a  vie 

finning   or  refutinn  Profo  ford's   conclue 

e  only  negative    result 
Carhart's  method  w  ..ilar  to    Sanford's.      His   tube 

was  86-3  cm.    long  and  his   copper  wire   0.7  ram.    diameter.      The 
resistance   of  his   tube   and  wire   at   21     was   0.0468   oi"  ut 

he  -claimed  for  his  galvanometer  and  bridge   a  sensitivene: 
2.5   times  ."  reater  th  nford's-  Ke  measured   the   temp- 

erature of  the  wire   in  the    sawe  way  as   did   Sanford,    but   his 
s   graduat-  d  to   half  decrees   instead   of   tent: 
sad  of   taking    reaai  t   the   temperature   of   t 

roo::.,    his   tube  was  heated  by  a  water  bath  up   to   30°   and   ob- 
servrtior.s   for  resistance   taken  as   the   tube   slowly  cooled 
down   to   the    room  temperature .        He   tried  only   two   dielec- 
trics  besides   air  -   alcohol   and  kerosene   -   and   fi:  no 
effect   due   to   these,   he  concluded  it  was  not  worth  while   to 
try  others. 

Professor  Sanforc-    continued  his  investigations  using   the 
original  ..ethod  throughout,    but   in  his  later  work  he 

.ore   sensitive  galvanometer  and   a  "/alder  Bros  •    rests-. 
box  and  bridge   with   arms   of  1:10000,    the   comparison  coils 


1.  Phys.    'Review.   Vol.    I.    Page   321,    1894. 

2.  Phys-     Review,    Vol.    ITT.    Page    161,    1895. 


divided  to  tenths  of 
he  could      re  his  resistance  to  1  in  the 

fifth  decimal  place.   T]  sufficii       cu- 

rate for  the  work  since  the  temperature  could  not  be 

to  a  greater  degree  of  accuracy  t    0.1  °. 
asttrements  were  made  with  five  different  copper  wires 
In  diameter  fro.:.  0.35  mm-  to  1-66  mm.,  the  object  of 
using  different  sized  wires  being  to  find  the  effect  of  vi 
the  surface.     Lth  t.-.e  smaller  wire  the  temperature 
change  masked  any  effect  that  might  be  due  to  the  dielectric. 
He  found  effects  with  a  copper  wire  1.27  mm.  diameter,  but 
on  taking  another  piece  fro:::  the  same  spool  and  hammering  it 
flat,  no  change  of  resistance  due  to  the  dielectric  was  ol  - 
serve.     He  did  not  find  any  definite  relation  betwe( 

Dunt  of  surface  exposec     the  effect  due  to  the  dielec- 
tric.  The  amount  of  the  effect  seemed  to  depend  on  the  p. 
ticular  wire  used,  since  the  percentage  effect  of  no  two  wires 

■  the  same.    Home  of  the  observations,  he  says,  le; 
to  believe  that  only  a  thin  film  of  dielectric  adheri  :  to 
the  wire,  and  possibly  absorbed  to  some  extent  by  it,  is  con- 
cerned in  the  resistance  change.   One  of  the  observatio 

a  surface  of         was  coatud  v. 
layer  of  paraffine  oil  no  resistance  change  was  fov        the 

replaced  in  t      ;eous  dielectric  Lou  sly 

produced  a  change.     ^^^ 


•3d   to 

"A       81 

Dr.    PL  Univ.  of  C;  i  e    re- 

sults  of  a  lor.  ■    careful   series   of  e  ts  upo 

resistcir.ee   of  ire    in   air  and  peti*ole- 

results   show  a  dr  of  co  rce  quite    r 

the   difficulties   of  the  d<  into   ac 

case    the    resistance   of  the  wire   in  petroleuu  wa.s 
found  to   be  less  than  in  air.        This  difference   in   resir 
was,    however,   when   reckoned  as  a  percentage   of  the  whole    re- 

ce   of  the  wire,    only  about   one-twelfth   as  f-reat   as   ir. 
t'se  case   of  the  wire  with  which   the  phenomenon  was  first   dis- 
covered by  me;      but   the   total  variation  in   resistance 


1.    Sulla   Resistenza  Tllet-rica  dei  Metalli   nei   diversi   Dielet- 
trici      :ie:::ori;i   del  Dott.    Giovan  Pietix  ^rofessore 

"isica  nella   Regia  Universita  di   Catania,    e   Dott.    Giovanni 
tania,    Assistente   al  G  to  di   Fisica^  della  stessa 

Parte    I.    PicXerche   sulla  varizione   di    resistenza 
el  petrolio.  •  ,    Dal  Pollettino  ile   dell' 

Acer  GioG"  I  Scier.ze  ITaturali    i  icolo 

seduta  del  mese  Di  Also  ITuovo   Cimento 

July,    1895. 


.    to 
0.0000  dielectric      [  win 

;e   it   amounted   to  0.00006   oh  Th 

Signc  Q  '■ 

oter.        Its  variation  "esistance  per  unit 

length  was   accordir.    Ly      ne<       r      ian   In  the  wire  use<  ;e , 

lie    the   correspo  T,  ce   exposed  was  less   th 

fourth  as  great". 

Nearly  a  year  after  completing  the  work  described   i 
following  payos,    I    succeeded,    through  the   kindness   oi' 
Professor  Carhart,    in  getting  a  copy  of  the  paper  by  Drs. 

Idi    and  Platonia  here    referred  to-  Tow  months   later 

the  paper  was  translated  for  »:.e.     Previous  to   this  all   I    1 
of  their  work  I  learned  from  reading  Professor 

ford's   remarks  which,    in  the  foregoing,    I  have  quoted  in  full. 
Here   he   does  not   speak  of   their  method;    consequently,    I 
not;,  uout   it.        I  was  therefore,    somewhat   surprised,   v. 

translation  was  given,    to   find  that   they  had  used  a  com- 
parative method   somewhat   like   the   method   I    --...ployed.      Th' 
tried   to   keep   the   temperature  constant   just    as   I   did.      Koi  - 
eve    ,        eir  method  of  determining  the    resist 
inferior  to   that   I   employed,   whic  >sted   to 

Professor  Rowl  is  the  er.  od 

inted  of  comparing  two  nearl 


-9- 


:es,  one  of  which  is  known.   I  will  now  d 

e  a  series  of  observations   . 

•st  as   i  ure    " 


.  .   "  C  was  a  copper  tube  40  c 

103 

ssing  lei 

its   centre  was   a  copper 
re  304  long  and 

.    diameter,   which  was 
soldered  at   the  botto. .  e 
to*rod  projecting    invs 
fro::,  the   copper  plug, 
at   the   top   to   a   rod  w    I 
passed  out   through  an  insul;  c'  was  like  C,    be 

■jS  of  which  were   cut   fro...  the    same   spool,   m  .'were 

resist)  three  metres  of  copper 

on   a  glass   tube.      1,    2,    3,    4  were  mercury  cups.      G  was 
aperiodic   ;  'iemen  e.        Its    resi 

ance  was  G  and  its  system     1  ost   astatic.        In  order  to 

keep   the   temperature   constant   each  of  the   four  arms  of   the 
bridge  was   inclosed  in  a  glass   tube   and   then   these   four  tubes 
were   immersed  in  a  40  gallon  water  ba*  In  order  to   , 

the   t  -e  of  terior  of  t:^e   tubes  C   and  c'  . 


through  the   end  of  the   tube  until 
centre.        These  o     -ters  were    r 

could 
tc    0°.005    C. 

8   telescope   and   scale  d  of  obst 

dei'lectir  b   employed.  scale   divisions  were   2 

apart   and  the  stweer  3   scale  was  1."      £ 

"The  tiveness  of  the   appi  was   such  that  a  ction 

of  2  njm.    (i.e.    one   scale  division)    corresponded   in  the   greal 
part  of  the  measurements  to  a  variation  in  the   resistance  of 
.00010  ohm.  naltiplying  *»3^  the  measurement 

n  all  the   sources  of  enrer  cere  eliminated,   we  were   able 
to    reach,  ;,    a  still  gr  ct- 

ness" • 

the  bottom  of-  tube   C    (or  C)   passe. 
-■  :::cans  of   .  v.ich  C   could  be   filled  with  petrol  u        or  emp- 
tied,   without   in  any  w  turbing  C.  ie   tube  was   cried 
after  the  patrol                                                         !  of  a  - 
puj.:p .       Measurement           re  begun              rst  getting  the  brli 
nearly  balanced   in  air.        This              ore      y   1  thi.- 
soldering  the   te           Is  of                  .            is  process  was   con- 
tinued until   the  def lectio                                t          2  divi  .      A 
change  in  the   difference  of  these  two    resisl                       esti- 
■  .ted  by  noti                                         e  galvanometer  deflectioi 


iolute   values   the  deflection, 
ted.  s  of  two 

formed  of   two  pieces   of  c  cut   fro.:,   the  ool 

as   before,    10      ....    and   6  mm.    lo:     •      '  r.pective  '  ere 

soldered  to  two  larger  copper  roci    .        These    resist.  T 

1   IT,   were   ir.tercolated  in  turn  between  the  mercury  cups 
1-2  and  3-4,    and  the  corresponding  galvanometer  deflec- 
tions observed.        To   carry  out   the    reductions   the    absolute 
lues  of   I,    IT   and  the   copper  tubes  were  measured  by  meaj 
of  an  excellent  decadlco  bridge  of  Carpentier". 

Value  of  I  =  0.007  ohm;   of  II   =  0.004  i       ;   of  C  =  0.141 
;    of  c' =  0.144  ohm    .      G   =   right   tube;    C*  =  left   tube. 
The  deflections  obtained  by  interpolation  were:- 

Pa si  stance      I  Resistance   II 

"':         tube  37.3 

left         63.7  '  .5 


Mean,  K,   =      .2  K^=        .9 

Variation  of  resistance  produced  by  one  division  a,  =   .    112 

//,uj=   0.000103  108  o; 

Having  thus  calibrated  the  he  deflect: 

produced        -   s  i  both  tubes  was  carefully  noted,  this 

deflect!.  one  to  two  .  cale  divis:         sr 

the      conditions,  .lections  differed  ai  o 


Test! 
for  the  effect   of  tempo ratu  re  found   as   a 

observations  that   a  temperature  difference  of      .  :      c  bet.: 
es  produced  a  deflection  of  0.55  divisions,    t] 
mean  bei  de  up   of  v:lues  g  from  0.3G  d.;  d. 

Petroleum,   dried  over  sodium  and   rectified,   was   then   run 
into   the    right   tube   and  observations  made*        Thettthe  pet  ro- 
le- out, the   tube   dried,    and  observations   again  made- 
:e  observations   first   in  air,    then  in  petroleum,    and  lastly 
in   air     usually  extmided  over  several  days   in  all.      For  il- 
lust ratio  .  I   here   give   the   summary  of  one   series  of  exper 
nts  which  extended  over  nine  days.      This   summary  they   ca 

TABLE      IV?~" 

Deflections 

served  Corrected 

Petrols-        2.10  divisions         2.38  divisions 
Air  2.45      "  2.1      " 


e   -   0.26  -0.16 

,     =   60.0  divisions  ,             -0   divisi< 

a/    =  o. oooio i  o  ax  =  '.oooooi  o: 
a  =  0.00009C   ohm 

observ  corrected 

^    -       .00002:  0.000015 

A-  i    0.00017  .00010 


- 


A    =  change   in 

=   resistance  of  copper  tube. 

Corrected  values  those   corrected   for  tempera 

■paratus  connected  as   I  -ire    "a"   the 

four  series  of  measurements  which  are   summarized   in  the   fol- 
io v.-:  .:- 

T    A  E   L  R     A. 


able  /\ 


A 


/? 


Corrected  0:.' served 


bis 

I  .000070           0.000054  -0.00049           0.00' 

ls  51                          43  36                       30 

ITIbiG  55  '                          38 

is  25                          15  17                       10 


As  ,    the    result   of  Table   I       '  and   III  '  is  four 

ater  than  that  of  iv'''is.      S<  ;  a  cause  for  these 

wide  vari   tio   s  they  found  it   i  sury  contacts  whi< 

■ted  i  e   tv/o   tubes.      They   found 

the  deflection  depended  on  how  the   copper   t  I 

•  mercury  cups  were  •  •    tur  ect 

ors  throu  ;le  of  16  different  deflec- 


tic  toco  ' 

of  t  There  were  eight 

two  connect      J   it  be  placec.  observation  of 

dei'lectio:  B  Wi1  ^ctor 

wi     e  result  state'  . 

t;  ■  ire  re       o  own  i      re 

***-$■  "b".       is  change  the 

■  cups  were 
fro...  the  direct  circuit, 
and  were  put  in  shunt  c: 
cuits.    In  order  to  c 
brate  the  galvanometer  (  - 
flections,  a  res:cJ     P 
ide  of  copper  wire  and  of 
v   ue  3.57  ohms  was 
connected  in  shunt  first  with  one  tube  and  then  with  t 
er.   The  c'.      In  deflection  produced  was  about  56   d 
ions  ■ 

action  with  this  change  it  is        le  thi  t 
did  not  occur  to  ethod  of  cc 

the  two  :     a  zero  one.    This  could  easily  have       one 

resistance  of  of 

C ,  and  then  securl  :    ' 

resistance  box.   Then  t  -  uld  have  been  ex- 

one  I  employed,  and  would  have  been  a  great  improvement  ( 


• 

uence   of  petroleum,    tr  rent   i 

of  this  dielectric,    all  canefu]  recti 

on  of  the    two 
■•   1         ot    ,                             Btroleurc   in   o 

ir  in  Loth.        This   series  of  experiments   c 

'ferent   c            over  a  period  of  tine  fro 

hours   to   foflr  days.        The    results   are  si           -ized   i 
following  table : - 


T 

A,  • 

Series 

A 

R 

V 

0 

.000023    ohr 

0.00017 

*• 

20 

14 

VI 

20 

15 

II 

14 

10 

[II 

25 

IX 

18 

13 

V 

18 



.00( 

0 

.000020 

i -— .  ±  0.  OOOLj- 

&    results   therefore   rive   as 
0.014 


-     - 


of'-'',  '  re 

n  t  e  two   ti  ;er  thu  r>3°   c 

Discuss J  ir  results  the;  ot   due  to 

exJ  'for  these  had  been  eli 

pensi;  icts.      neither  tire    they  due 

thennal   effects,    they  think,    for  the   ols.  LI 

cor.si-ter.t  whether  the   temperature   of   1 

above   or  below  of   the   air  tube.        And  the   effec"   was  ob- 

served whether  the  petroleum  1  1  one   tube  or  the   other, 

;h  as   a  er  of  fact   in  all  the   above   series  of  re- 

raents,    the  petroleum  was   ir,   the   tuba   C^i-e.    the    ri  tube, 

they  have   designated  it.        Last ly^  the   effect   could  not 
due   to   the   conductivity  of  the  petroleum  for  a  test    showed 
that   if  the  conductivity. been  50. 000   times  greater  than  it 
was,    then  no   errc  Id  have    resulted   from  this   cause. 

conclude}    therefore,    that    the   decrease   in   resistance  must  be 
due   to   the   influence   of  the  petrole;;    ,    .     d  amounted   to   0.014^ 
ford  gave    as   his    result   a  decrease   of  0.1 

the  effect,    if  ;  increase  not   great- 

er fchan  0.  on  this  dielectric   give    r  - 

•esults,    no    single    set   of  observations 
an  effect   gr-.-it^r  than  0.00?: 

Ar.  .  llustraticr.  of  the   agr  'observa- 

tions  I     .ill  here   .^ive   entire  ble    co    |  eries  VII   of 


- 


I  c 

e  r; 

V    I 
Pe  Dure/  ;  f  exp>    ' 


Observation 

Temperature 

'  'Tercp. 

Be  fie 

on 

r. 

Biff  • 

Left   Tub 

8 

Observed 

Corr 

Air 

. 

269895 

26?8r 

+OP025 

•  65 

1Cl 

.75 

280 

26. 855 

26.  g: 

-0.025 

1 

1 

281 

26.900 

-0.015 

1 

.80 

1 

.73 

282 

26.805 

26.910 

+0.0' 

1 

.72 

1 

. 

283 

26.9: 

26.920 

+0.005 

1 

.70 

1 

284 

26.925 

.930 

-0.005 

1 

.70 

1 

285 

26-575 

26.970 

+C.005 

1 

. 

1 

. 

286 

26.995 

27.000 

-0.005 

1 

.63 

1 

.61 

c 

26. e: 

26.880 

+0.015 

1 

1 

300 

2 

.950 

+0.025 

1 

. 

1 

301 

26.985 

26.9-0 

+0.01 

1 

.80 

1_ 

. 

302 

■  .855 

26.850 

+0.005 

2 

.87 

1 

. 

303 

26.850 

-0.0: 

2 

.10 

1 

304 

26.825 

•  .850 

-0.0: 

1 

.90 

2 

305 

.825 

26.840 

-0.015 

2 

.86 

. 

itroleum 

1. 

i 

27  .Or 

27.070 

+0.005 

1 

.83 

1  . 

.85 

292 

27.095 

27.090 

+0.005 

1 

. 

293 

27.085 

27.0: 

-0.005 

2 

. 

1 

294 

. 

+0.015 

2 

3 

2 

.00 

295 

26.755 

+0.005 

i 

•  94 

1 

.96 

296 

■  .775 

26.77 

+0.005 

2 

.00 

O 

.02 

2 

Corvect<  tion 

Petrolev  1  • 

ir 

Dif  .15 


Plc.c  /o     i 


r 


tube  58.7   divisions 

"     le  "  57.4  " 

near.  K     =  58  .0 

a     =  .."."",095   o' 

A    =  .000014    Oi 

-j|-     •  .00( 

re  ^  =  resistance  or  e 

R/  =  resistance  of  left   tu 

=  r        s1  required   to 

duce   a  d  of  one   divisic 
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